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ABSTRACT
IMPACT OF pH AND PALMITIC ACID ON RUMINAL FERMENTATION AND
MICROBIAL COMMUNITY COMPOSITION
by
Lexie Padilla, Master of Science
Utah State University, 2022
Major Professor: Dr. Fernanda Batistel
Department: Animal, Dairy, and Veterinary Sciences

The objective of this study was to evaluate the effects of dietary palmitic acid
and pH on rumen fermentation, fiber digestibility, and bacterial community
composition. The study was conducted as a 2×2 factorial treatment arrangement in a
replicated 4×4 Latin square using continuous culture fermenters (n=8). The two factors
were palmitic acid treatment and pH treatment. Palmitic acid treatments included 1.5%
palmitic acid in the diet. pH level treatments compared normal pH (6.6 to 7.0) to the
effects of low pH (6.0 to 6.4). Digestibility, ammoniacal nitrogen, VFA concentration,
and prokaryotic community composition were measured to assess rumen fermentation.
Data were analyzed using a mixed model. No interaction between palmitic acid
treatment and pH were observed relative to fiber digestion (P = 0.42), total VFAs (P =
0.46) ammoniacal nitrogen (P = 0.91), acetate (P = 0.68), or propionate (P = 0.17).
Butyrate was affected by palmitic acid x pH (P = 0.02). Compared with control, palmitic
acid treatment increased NDF digestibility (P = 0.04) but did not affect ammoniacal
nitrogen (P = 0.20) nor total VFA concentration (P = 0.12). The lower pH decreased
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NDF digestibility (P > 0.01) compared with normal pH. Furthermore, low pH decreased
ammoniacal nitrogen (P < 0.01), total VFA concentration (P ≤ 0.01), acetate (P ≤ 0.01),
and butyrate (P = 0.02) compared with normal pH. No interaction between palmitic acid
treatment and pH was observed for prokaryotic community composition at kingdom
level (P < 0.18). Palmitic acid treatment did not affect alpha diversity (P > 0.08) or
phylum abundance of bacterial community composition (P > 0.08). Bifidobacteriaceae
abundance decreased with palmitic acid treatment under low pH, and it was not affected
under normal pH (P = 0.05). UCG-010 abundance tended to decrease with palmitic acid
at low pH and increased at normal pH (P = 0.09). In conclusion, palmitic acid and pH
independently affected rumen fermentation, fiber digestion and prokaryotic community
composition. This data aids the scientific community in ongoing efforts to increase
efficiency in ruminant animals.
(60 pages)
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PUBLIC ABSTRACT
Impact of Ph and Palmitic Acid on Ruminal Fermentation and Microbial Community
Composition
by
Lexie Padilla, Master of Science
Utah State University, 2022
Major Professor: Dr. Fernanda Batistel
Department: Animal, Dairy, and Veterinary Sciences
The objective of this study was to evaluate the effects of dietary palmitic acid
and pH on rumen fermentation, fiber digestibility, and bacterial community
composition. The two factors in the experiment were palmitic acid treatment and pH
treatment. Palmitic acid treatments included a control diet compared to a diet containing
1.5% palmitic acid. pH treatments included normal pH (6.6 to 7.0) compared to low pH
(6.0 to 6.4). Rumen fluid from a cow was added to artificial rumens to study the effects
of the two treatments relative to fermentation and changes within the microbial
community. Results of the study showed that low pH decreases fermentation measures
and palmitic acid supplementation increases fermentation measures. Both treatments did
change ruminal levels of butyrate. Treatments of pH and palmitic acid did not change
rumen microbiome measures of species richness or evenness, but did influence
populations of specific bacteria and archaea. In conclusion, palmitic acid and pH
independently affected rumen fermentation, fiber digestion and bacterial community
composition.
(61 pages)
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CHAPTER 1
REVIEW OF LITERATURE

Ruminant animals have the unique ability to convert low quality forages
unsuitable for human consumption into high quality protein sources, e.g., milk and meat,
due to microbial fermentation in the rumen (Oltjen and Beckett, 1996). Sustainability has
become increasingly important with the rising human population coupled with
diminishing natural resources (Searchinger et al., 2014; Mayo, 2016; USDA, 2021)
Furthermore, another goal of the agricultural industry is to decrease the environmental
effects of agriculture. The environmental impact of ruminants can be lessened by
increasing their efficiency, which effectively decreases the amount of resources needed to
produce the same amount of product (Oltjen and Beckett, 1996). Manipulation of the diet
is one consumer accepted method that can increase production efficiency due to its effect
on rumen microorganisms and their ability to break down forages (Varga and Kolver,
1997). As such, it is important to improve out understanding of ideal conditions for
microbe growth and fermentation within the rumen in order to improve feed efficiency
and sustainability.

The Gastrointestinal Tract of Ruminants
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Ruminant animals have a unique gastrointestinal system with four “stomach”
compartments that aid in their ability to break down fibrous feeds. Feed is gathered with
the lips and teeth which are called the prehensile organs (Church, 1988). Feed is
masticated to decrease particle size and mixed with saliva containing buffers and a few
enzymes, such as α-amylase (Church, 1988). Feed continues through the esophagus,
which is a tube that contracts to move feed between the mouth and the reticulum and
rumen, which are the continuous fermentation sites (Church, 1988). The reticulum is an
anterior pouch of the rumen and it contains honeycomb like epithelium (Church, 1988).
The rumen is divided in five main sacs and its epithelium is covered in finger-like
projections called papillae, which are responsible for the absorption of the main end
products of microbial fermentation (Krehbiel, 2014). The reticulum and rumen
continuously mix the digesta by muscle contractions exposing the feed particles to the
microbes (Church, 1988). Furthermore, these contractions are essential for the
regurgitation process, in which the digesta is transported back to the mouth for remastication (Reece, 2017). Contents within the rumen are sorted by layer density. Liquids
and the smallest feed particles are found on the bottom of the rumen, covering the liquid
layer is the fiber mat which contains larger feed particles, and the top layer consists of the
gasses including methane and hydrogen that are excreted by eructation (Weidner and
Grant, 1994). Microbes that live in the reticulum and rumen include bacteria, protozoa,
archaea and fungi (Park et al., 2020). Bacteria are mainly found attached to feed particles
and the rumen epithelium, and are responsible for majority of the fermentation in the
rumen (Hobson and Stewart, 2012). Although the role of protozoa is not well established,
fungi are involved in mechanically breaking down feed particles, and archaea are
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responsible for methane synthesis (Wang et al., 2017). Once feed particles escape the
reticulum and rumen, they are filtered by size in the omasum which contain page like
flaps and absorbs water and a small amount of the end products of fermentation
(Krehbiel, 2014). The abomasum is the last “stomach” compartment and it secretes
hydrochloric acid and enzymes, such as proteases and lipases, to help break down the
digesta (Church, 1988). After that, the digesta enters the small intestine where a large
portion of protein and fat are digested and absorbed. Small portions of non-fibrous
carbohydrates that escape the rumen fermentation are also digested and absorbed in the
small intestine. Digestion and absorption in the small intestine is dependent on liver bile
and pancreatic and intestinal enzymes that aid in digestion (Church, 1988). The large
intestine is the last portion of the gastrointestinal tract (Reece, 2017). In the large
intestine, a secondary fermentation occurs and together with end products of the
fermentation, water and water soluble vitamins are absorbed.

Nutrients and their Digestion

Nutrients are chemical compounds present in feed that support body maintenance,
health, reproduction, and production (meat, milk, eggs, wool, etc.). There are six different
classes of nutrients that include: carbohydrates, proteins, fats, vitamins, minerals and
water. However, carbohydrates, proteins and fats are the nutrients that provide energy
and are known to have a direct impact on production of livestock animals.

Carbohydrates
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Carbohydrates are the major source of energy and the single largest component of
a ruminants’ diet. Carbohydrates are molecules containing carbons, hydrogens and
oxygen. Monosaccharides, the building blocks of carbohydrates, are classified according
to the number of carbons in the molecule (Tymoczko et al., 2019). Carbohydrates within
plants are classified in two categories: structural and non-structural. The structural
carbohydrates make-up the plant cell wall and are composed mainly of cellulose,
hemicellulose, and pectin (Church, 1988). The non-structural carbohydrates are present in
the cell contents and primarily consist of organic acids, fructan, and starch (Church,
1988). All structural (fibrous) carbohydrates are fermented at a low or moderate rate in
the rumen due to the beta bonds connecting glucose molecules (Church, 1988). Nonstructural (non-fibrous) carbohydrates plus pectin have a quick rate of fermentation in the
rumen due to the alpha bonds connecting glucose molecules (Church, 1988). All forages
have relatively high amounts of fibrous carbohydrates; while concentrate feeds, like
cereal grains and plant protein sources, have relatively high amounts of non-fibrous
carbohydrates. Lignin is a structural carbohydrate that is present in the plant cell wall and
is largely indigestible in the rumen environment, which negatively affects fermentation
rate within the rumen.
The digestion of non-fibrous carbohydrates by ruminants starts in the mouth.
Feeds are masticated and saliva contains the enzyme α-amylase that begins to cleave the
α-1,4 glycosidic bonds (Church, 1988). In the rumen, microbes secrete enzymes able to
hydrolyze both the α- and β-glycosidic bonds present in non-fibrous and fibrous
carbohydrates (Hungate, 1975). Among the rumen microbes, bacteria are the most
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effective carbohydrates digesting microbes. Bacteriodes amylophilus, Streptococcus
bovis, and Succinimonas amylolytica are examples of starch digesting bacteria, while
Fibrobacter succinogenes, Ruminococcus albus, and Ruminococcus flavefaciens are the
major fiber-digesting bacteria (Church, 1988). Both non-fibrous and fibrous
carbohydrates are hydrolyzed to hexoses that are fermented by the rumen microbes
(Figure 1.1) (Church, 1988). The hexoses are captured by the microbes and converted to
pyruvate in a series of steps (Chesworth et al., 1998). Pyruvate is a key intermediate
because it can be converted into the three main end products of fermentation, the volatile
fatty acids (VFA) acetate, propionate, and butyrate, which are used by the host as an
energy source (Church, 1988). Acetyl CoA is converted to the intermediate pyruvate and
then to the final product of acetate (Ungerfeld, 2020). During acetate synthesis, formate is
also generated and used for carbon dioxide and hydrogen production (Chesworth et al.,
1998). Similarly to acetate, butyrate synthesis starts with the synthesis of acetyl CoA,
followed by condensation and reduction steps (Chesworth et al., 1998). Propionate can be
synthesized in two ways, the succinate and acrylate pathway. In the succinate pathway,
pyruvate is converted to succinate and then to propionate through a series of steps. While
in the acrylate pathway, pyruvate is converted to acrylate then propionate. The succinate
pathway is the main pathway propionate is synthesized, while the acrylate pathway is
responsible for approximately 40% of propionate synthesis in low pH conditions
(Church, 1988).
Once synthesized in the rumen, the VFA are absorbed by the rumen epithelium
cells largely by passive transport. The majority of the VFA are absorbed via a
bidirectional exchange, as the VFA enter the rumen epithelium cells, a bicarbonate
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molecule travels into the rumen and helps with rumen pH regulation (Dijkstra, 1994).
This process simultaneously removes an anion and adds a proton into the rumen which
slowly increases pH. Saliva contains bicarbonate, phosphate and proteins that act as a
buffer in the rumen (Castillo-Lopez et al., 2021). After absorption, each VFA has a
different metabolic fate. Butyrate is predominantly metabolized and used by the rumen
epithelium as source of energy. Propionate is used to generate glucose via
gluconeogenesis in the liver, which is the main source of glucose in the ruminant body.
Acetate is used for energy throughout the body and de novo fatty acid synthesis in the
adipose tissue and mammary gland (Church, 1988).
Starch that escapes the rumen will be broken down by α-amylases in the
duodenum secreted by the pancreas and liver (Church, 1988). Glucose and other
monosaccharides are absorbed in the small intestine against the concentration gradient
coupled with a sodium anion transporters (Church, 1988). When the diet contains high
percentages of processed fibrous carbohydrates, up to 30% will escape the rumen and
continue to the large intestine, where they are fermented and VFA are absorbed (Church,
1988).
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Figure 1.1 Carbohydrate digestion in the rumen.

Proteins

Proteins are made up of amino acids connected with peptide bonds and are
essential for protein synthesis in the body, among other functions (Tymoczko et al.,
2019). Amino acids are made up of carbons, hydrogens and nitrogen, and a few also
contain sulfur (Tymoczko et al., 2019). There are 20 amino acids required for protein
synthesis and they are classified into two categories: essential and non-essential amino
acids (Chesworth et al., 1998). Essential amino acids are the ones that must be present in
the diet because they cannot be synthesized, or are synthesized in inadequate amounts by
the animal, while non-essential amino acids are synthesized by the animal and are not
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required to be in the diet (Church, 1988). In dairy cattle, methionine and lysine are
examples of essential amino acids, while alanine and glutamine are non-essential amino
acids (Church, 1988). Within ruminant nutrition, dietary protein can be classified as
rumen degradable protein (RDP), which includes protein synthesized within rumen
microbes that can later be digested by the ruminant, and rumen undegradable protein
(RUP), dietary protein that escapes fermentation and is digested in the abomasum and
small intestine. Highly digestible microbial protein is synthesized in the rumen from RDP
sources (Chesworth et al., 1998; Savari et al., 2018). Another two particularities of
ruminant nutrition are that rumen microbes can use non-protein nitrogen (NPN) as a
nitrogen source. The ruminant and the rumen microbes have a symbiotic relationship
where the ruminant provides an environment for the microbes to thrive and an energy
source. The microbes aid in the fermentation process to make nutrients more available for
the ruminant. In addition, when the microbes continue down the digestive tract, they
provide a highly digestible protein source that is readily available for absorption in the
small intestine.
In the rumen, part of the dietary protein is digested and used together with NPN as
a nitrogen source by the rumen microbes. Protein within the rumen is broken into
peptides and amino acids by the microbes (Figure 1.2) (Van der Walt and Meyer, 1988).
The rumen microbes use ammonia and amino acids as nitrogen sources to synthesize
necessary proteins (Van der Walt and Meyer, 1988). Excess ammonia in the rumen is
absorbed by the rumen epithelial cells and transported to the liver where it is converted to
urea (Church, 1988). Urea can be recycled via saliva and the rumen epithelium wall or
excreted via urine.
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The protein leaving the rumen is composed of microbial protein, RUP, and
endogenous protein (Van der Walt and Meyer, 1988). In the abomasum, hydrochloric
acid and pepsinogen, a protein digesting enzyme, are released. The hydrochloric acid
unfolds secondary and tertiary structures (protein denaturation) facilitating enzymatic
digestion. In the small intestine, proteins are further digested with enzymes from the
pancreas and liver (Chesworth et al., 1998). Then protein goes to the liver for distribution
throughout the body (Church, 1988). Amino acids are used within the body to build cells,
as well as regulation of metabolism, immune function, and enzyme processes (Van der
Walt and Meyer, 1988). Amino acids are also needed for reproduction, muscle growth
and the synthesis of milk within the mammary gland (Church, 1988).
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Figure 1.2: Protein digestion in the rumen.

Fats

Fats are also an energy source in a ruminant diet. Dietary fats are mainly
represented by triacylglycerols, which are made up of three fatty acids attached to a
glycerol backbone (Tymoczko et al., 2019). Fatty acids, the building blocks of fats, are
classified according to their chain length as short (2-4 carbons), medium (6-12 carbons),
long (14-18 carbons) and very long (>18 carbons) (Agostoni and Bruzzese, 1992).
Furthermore, fatty acids are also classified according to the presence and number of
double bonds in their carbon chain. Saturated fatty acids do not have any double bonds,
monounsaturated fatty acids have one double bond, and polyunsaturated fatty acids have
two or more double bonds on their chain (Chesworth et al., 1998). Although both
saturated and unsaturated fats are used in dairy nutrition; saturated fatty acids are ideal to
supplement as they can provide energy for the ruminant without having a toxic effect on
the microbes and have been shown to increase milk fat percent (Palmquist and Jenkins,
2017).
In ruminants, the main site of fat digestion and absorption is the small intestine;
however, dietary fats can be modified in the rumen by lipolysis and biohydrogenation
(Figure 1.3) (Jenkins et al., 2008). During lipolysis, the rumen microbes cleave the bonds
between the free fatty acids and the glycerol in the triacylglycerol molecules, releasing
free fatty acids (Jenkins et al., 2008). After that, the double bonds present in unsaturated
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fatty acids are removed by the rumen microbes through biohydrogenation.
Biohydrogenation is a multi-step biochemical process affected by the rumen conditions
(e.g., pH and passage rate). The reason why rumen microbes perform biohydrogenation is
not well understood, however, it is believed that high concentrations of unsaturated fatty
acids are toxic to rumen microbes (Jenkins et al., 2008). Fat supplementation can also be
used to alter rumen fermentation as previous studies have shown that supplementing oils
decreases methanogenesis and inhibits a step of biohydrogenation (Lourenço et al.,
2010). This research eludes to the fact that supplemented fat may act as a hydrogen sink
in the rumen which could help reestablish a healthy pH.

Figure 1.3. Fat breakdown in the rumen.
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After leaving the rumen, free fatty acids and small portions of triacylglycerols are
available for absorption in the small intestine (Chesworth et al., 1998). Bile salts and
pancreatic fluids incorporate free fatty acids into micelles that are absorbed into the
intestinal epithelium cells (Church, 1988). Within the epithelia of the small intestine, the
micelles are broken up and the contents then go through a re-esterification process. Free
fatty acids are then reassembled into triacylglycerols within a chylomicron in the
enterocytes. During this step triglycerides combine with other molecules like cholesterol
and apoproteins. Chylomicrons are transported through the lymphatic system to other
organs where they are used as an energy source or substrates for fat synthesis (Bionaz et
al., 2020).

Fat Supplementation

Fat supplementation is most commonly used to increase the energy density in the
diet of dairy cows and has been common practice for decades. Historically, fat sources
included vegetable oils, like soybean oil, and animal fats, like tallow. Adding fats to the
diet can increase energy available for milk production and composition (Liu et al., 2020).
During early lactation, energy requirements for milk production exceed energy that can
be consumed by the cow, partly caused by a decreased dry matter (DM) intake after
parturition. To minimize the effects of a negative energy balance, a producer can feed
fats, which contain 2.25 times more energy than carbohydrates, to increase the energy
density of a diet (von Soosten et al., 2012). Specific fatty acid profiles have different
effects on milk production. Fatty acids found in the highest quantities in milk are
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palmitic, stearic and oleic acids, as a result these fatty acids have recently been studied
(Western et al., 2020). Research by Western et al. (2020) used treatments of palmitic
acid, palmitic and steric acid and a control diet to determine effects on production of
dairy cows. Results showed palmitic acid treatment increased digestibility and milk solids
while a mix of palmitic and stearic acids did not show these results. A summary of
research supplementing fatty acids shows a consistent positive effect of palmitic acid on
energy corrected milk as seen in Table 1.
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Table 1.1: Summary of the effects of supplementation of palmitic acid to
dairy cows on fiber digestibility and animal performance.

Reference

(Harvatine and Allen, 2006)
(Piantoni et al., 2013)

(Lock et al., 2013)

(de Souza et al., 2018)
(de Souza and Lock, 2018)
(de Souza and Lock, 2019)
(de Souza and Lock, 2019)
(Western et al., 2020)
(Sears et al., 2020)
(Liu et al., 2020)

Supplement
2.5% DM
85% PA
2% DM
99% PA
2% DM
85% PA
1.5% DM
~80% PA
1.5% DM
81% PA
1.5% DM
76% PA
1.5% DM
45% PA
1.5% DM
84% PA
1.5% DM
99% PA
2.5% DM
85% PA

NDF
digestibility

Energy
corrected milk

=

Not measured

↑ 9.2%

↑ 1.5 kg

Not measured

↑ 2.8 kg

↑ 0.9%

↑ 2.4 kg

↑ 3.3%

↑ 4.1 kg

↑ 3.9%

↑ 0.3 kg

↑ 3.6%

↑ 0.9 kg

↑ 4.0%

↑ 1.6 kg

↑ 4.0%

↑ 1.6 kg

=

↑ 2.8 kg

*DM: dry matter, PA: palmitic acid, ↑: increased, =: no difference.
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Although for a long time it was thought that all dietary fats decrease fiber
digestion (Palmquist and Jenkins, 2017), recent studies indicate that palmitic acid can
enhance fiber digestion (Table 1). The positive correlation of palmitic acid to fiber
digestibility were consistent in animal studies, but it was not clear how palmitic acid
enhanced fiber digestion (Searchinger et al., 2014; Mayo, 2016; USDA, 2021). Since
there are many parts of the digestive tract that aid in fat digestion and absorption; there
are many possibilities of the source of benefit of fat to fiber digestibility. In an effort to
determine the effect of palmitic acid on rumen fermentation, our laboratory group
previously performed an in vitro study using continuous culture fermenters comparing
the effects of palmitic acid, stearic acid and oleic acid (Sears, 2020). The results indicated
that the positive effect of palmitic acid on fiber digestion, is at least in part, due to an
increase in rumen fermentation. Supplementing palmitic acid is also thought to be
beneficial to the microbes that aid in fiber digestion. To better understand if bacteria were
spending energy making fatty acids for their membranes in the presence of exogenous
palmitic acid; levels of fatty acid synthase were measured between palmitic acid groups
and control. Results showed a downregulation of protein expression of the enzyme fatty
acid synthase within the rumen microbes. This indicates that rumen bacteria incorporate
dietary palmitic acid into their phospholipidic membranes (Sears, 2020). The
incorporation of exogenous fatty acids can decrease de novo fatty acid synthesis, which
can lead to higher microbial growth with spared energy. This is one mechanism that may
explain why the inclusion of palmitic acid alters the microbial population and increases
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fiber digestibility. Using palmitic acid, a saturated fatty acid, is beneficial because
microbial energy is not spent on biohydrogenation.

Bacterial Membrane

Rumen bacteria are classified according to their cell membrane into either gramnegative or gram-positive. Gram-negative bacteria have a double layered membrane,
including a cytoplasmic membrane and an outer membrane, with a peptoglycan layer in
between. Gram-positive bacteria have a single cytoplasmic membrane (Kashef et al.,
2017). Both the cytoplasmic and outer membranes are composed of hydrophobic fatty
acid tails that can be saturated or unsaturated. Analysis of the bacterial membrane
indicate that stearic acid (42.7%), palmitic acid (21.9%), and oleic acid (3.21%) are the
main fatty acids present in the phospholipidic membrane of mixed rumen bacteria (OrRashid et al., 2007).
Environmental factors, such as pH, can change the function of the phospholipid
membranes. To better survive in times of low pH, bacteria have developed responses to
acid stress (Guan and Liu, 2020). For example, bacteria incorporate more saturated fatty
acids within their phospholipid membrane to regulate intercellular protons under acid
stress conditions (Wu et al., 2012).

Rumen pH
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Rumen pH is a key factor affecting rumen fermentation. Rumen pH can greatly
affect the health and function of microbes. The rumen pH is determined by a variety of
factors including carbohydrate digestion rate, meal frequency and effective fiber (de Veth
and Kolver, 2001). Bacteria have varying optimal pH levels but overall rumen pH should
be between 5.5-7.5 (Hoover et al., 1984). All types of bacteria are affected by changes in
pH, but fibrolytic bacteria are more sensitive to these changes (Sung et al., 2007). Low
pH (e.g., below 5.5) affects attachment of bacteria to cellulose particles, decreasing fiber
digestion (Sung et al., 2007). Furthermore, low pH causes bacteria to focus energy on the
survival of acidic conditions by changing the composition of the fatty acids within their
membranes (Sohlenkamp, 2019). Therefore, low pH results in a decrease in microbial
energy towards fiber digestion and bacterial growth.
The mechanisms responsible for pH regulation in the rumen include VFA
absorption and saliva production. The absorption of VFAs exchanges with a bicarbonate
for a net increase in ruminal pH (Dijkstra, 1994). Ruminant animals produce a large
quantity of saliva to aid in re-mastication and lubrication of feeds through the digestive
tract. It is well known that saliva is the main source of bicarbonate and fluid to the rumen
that aids in maintaining pH levels (Kay, 1966). Diets with a high level of concentrates
decreases saliva production while diets high in forage increase saliva production during
the process of regurgitation. A study by Jiang et al. (2017) showed diets high in forage
(70% vs. 40%) increased daily saliva production 7%. As a result, the high forage group
showed increased and healthier levels of all pH measures and a higher feed efficiency for
milk relative to dry matter intake. Diets high in concentrates increases fermentable
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carbohydrates in the rumen causing a decrease in ruminal pH and lowered saliva
production that maintains lower ruminal pH (Maekawa et al., 2002).

Summary

Previous research indicates that palmitic acid supports rumen fiber digestion by
being directly incorporated into bacteria phospholipidic membranes. Furthermore, under
low pH conditions, bacteria modify their phospholipid membranes to survive. However,
research is needed to evaluate the combined effects of saturated fatty acids and pH levels
on rumen fermentation. To further understand mechanisms of bacterial fatty acid
metabolism, a better understanding of the rumen prokaryotic community composition and
fermentation are needed. Research in this field will further scientific knowledge and
better aid producers understand the implications of their dietary decisions. The objective
of this study was to evaluate the effects of dietary palmitic acid and pH on rumen
fermentation, fiber digestibility, and prokaryotic community composition.
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CHAPTER 2
IMPACT OF pH AND PALMITIC ACID ON RUMINAL FERMENTATION AND
MICROBIAL COMMUNITY COMPOSITION

INTRODUCTION

Supplementing fatty acids in the diet has been used to increase energy density
within the diet and it is known that long-chain polyunsaturated fatty acids, e.g., linoleic and
linolenic acid, impair ruminal fiber digestion because of their toxic effect to rumen
microbes (Palmquist and Jenkins, 2017). Studies using these fats show a decrease in
concentration of fibrolytic bacteria (Yang et al., 2009). However, there is an increasing
body of knowledge demonstrating a positive effect of long-chain saturated fatty acids, e.g.,
palmitic acid, on fiber digestibility (Weld and Armentano, 2017; de Souza and Lock, 2019).
Since palmitic acid is one of the main fatty acids in cell membranes of mixed rumen
bacteria (Or-Rashid et al., 2007), the positive impact of these fatty acids on fiber digestion
may be due to their incorporation into bacterial cell membranes, consequently sparing
energy, and favoring overall bacterial growth.
The pH within the rumen can affect the microbe population and consequently alter
nutrient digestibility. The ideal rumen pH for fiber digestion is between 5.5 and 7.5
(Hoover et al., 1984). However, the pH of the rumen fluctuates throughout the day on a
diurnal cycle in response to various external factors, such as feed fermentability (Russell
and Wilson, 1996). For example, pH that is below 5.5 for longer than 4 hours caused by a
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diet high in concentrate impaired microbial population abundance and function (de Veth
and Kolver, 2001). Bacteria experiencing stress from an acidic environment can alter
cellular metabolism and divert energy to survive in place of using that energy for breaking
β-bonds that helps the rumen digest fibrous carbohydrates (Guan and Liu, 2020). Cellular
phospholipid membranes increase the concentration of saturated fatty acids in response to
acid stress allowing them to survive in suboptimal conditions (Wu et al., 2012).
The objective of this study was to evaluate the effects of dietary palmitic acid and
pH on rumen fermentation, fiber digestibility, and prokaryotic community composition.
We hypothesize that fiber digestibility will be increased under conditions of low pH and
palmitic acid due to the incorporation of palmitic acid in the bacterial membrane. This will
include a change in bacterial community composition that will favor fiber digesting
bacteria.

MATERIALS AND METHODS

The Institutional Animal Care and Use Committee at Utah State University (Logan,
Utah) approved all experimental procedures using animals (Protocol # 11665).

Continuous Culture Operation

This experiment was carried out using 8 continuous culture fermenters for 11 days
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(7 days of adaptation and 4 days of sampling). On day 1 of each period, inoculum was
obtained from a cannulated cow on a lactating diet consisting of 55:45 forage to
concentrate. Rumen contents were placed in 2 layers of cheesecloth and squeezed into a
container, and the resulting liquid was transported in a cooler at ~40°C. Samples were
combined and mixed equally with buffer (Weller and Pilgrim, 1974) and added to the
fermenters until outflow occurred. Buffer consisted of 15.5 M sodium phosphate dibasic
dihydrate, 59.5 M sodium bicarbonate, 8.0 M potassium chloride, 16.0 M potassium
bicarbonate, and 6.6 M urea. Clarified rumen fluid was added to buffer for the first 3 days
of each period to elongate the life of protozoa (centrifuged at 10,000 x g at 5°C for 10
minutes and autoclaved). Buffer was administered at a rate of 10% of outflow volume per
hour on a continuous pump. Fermenters were tested daily for CO2 flow rate, which was
never below 20 mg/L.

Treatment diets

The study was conducted as a 2 × 2 factorial treatment arrangement in a replicated
4 × 4 Latin square using continuous culture fermenters. Treatments were a control diet
without supplemental fatty acids or the control diet plus 1.5% palmitic acid (99% C16:0)
factorialized with normal pH (diurnally ranging from 6.6 to 7.0) or relatively low pH
(diurnally ranging from 6.0 to 6.4). The control diet was calculated on a dry matter basis
(DM), (40 g DM/day) was a 50:50 orchard grass hay:concentrate mixture nutrient
composition and can be seen in Table 2.1. To mimic the ration of the cannulated cow, the
concentrate included: ground corn, canola meal, beet pulp shreds, Cargill robot pellets, and
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lactating cow mineral as seen in Table 2.1. The palmitic acid treatment maintained the
same nutrient input into the fermenters as the control, except for the amount of fatty acids
within the palmitic acid treatment diet. The buffer described by Weller and Pilgrim (1974)
was adjusted to the low pH treatment with H3PO4 and to the normal pH treatment with
NaOH.

Data and Sample Collection and Analysis

Effluent bottles were kept on ice from days 7-11 of sampling to prevent
fermentation in the outflow bottles. Samples were obtained from days 8-11 of the
experiment and held on ice for the duration of sampling. All samples were pooled by
fermenter within the period before analysis. Subsamples for ammoniacal nitrogen and
volatile fatty acids (VFA) were stored in 6% HCl in a -20°C freezer until analysis.
Subsamples for neutral detergent fiber (NDF) digestibility and prokaryotic community
composition were stored at -80°C until analysis.
VFA samples were analyzed using gas chromatography (Eun and Beauchemin,
2007) and seven VFA were used as standards (acetic acid, propionic acid, isobutyric acid,
butyric acid, isovaleric acid, valeric acid and caproic acid). Samples were spun at 12000
RPM for 2 min, the supernatant was transferred to a new tube and 200 µL of crotonic acid
was added and vortexed. Samples were incubated at room temperature for 30 minutes and
centrifuged at 12000 RPM for 10 minutes. Samples were placed into autosampler vials and
set in the GC chromatographer for analysis. Ammoniacal nitrogen was determined as
previously described (Weatherburn, 1967). The reagents phenol/sodium nitroprusside and
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sodium hydroxide/hypochlorite were made and samples were centrifuged for 2 minutes at
12000 RPM and diluted to a 1:5.3 ratio and loaded onto a plate after standards. All samples
received 100 µL of each reagent and then were incubated for 15 minutes at 39°C. The plate
was then loaded into a Dynatech MRXe microplate reader for analysis of ammoniacal
nitrogen. NDF samples were freeze dried (FreeZone 12, Labconco, Kansas City, MO) for
72 hours. Samples were ground through a 1 mm screen in a Wiley mill and analyzed in
triplicate. NDF analysis was completed based on Van Soest et al. (1991) protocol using an
ANKOM Fiber Analyzer. NDF was calculated using the following equation: post NDF dry
bag and sample weight - NDF bag weight/ pre-dried weight *100. Ash was analyzed by
placing post-NDF samples in porcelain crucible cups and added to the asher oven. The ash
percentages were calculated as follows: post ash and crucible weights - crucible weights/
post NDF bag * 100. Ash was calculated to determine inorganic compounds present within
each sample, these values were used to calculate ash corrected NDF which was the value
used in statistical analysis.
Total genomic DNA was extracted using the bead beating plus column method (Yu
and Morrison, 2004) and following the manufacturer’s protocol for the QIAamp Fast DNA
Stool Kit. Samples were kept on ice for the duration of analysis, and then transferred to a
screw cap tube with 0.1 mm glass beads and lysis buffer then homogenized for 3 minutes,
incubated for 15 minutes at 70°C, centrifuged and the process repeated. After ammonium
acetate was added, samples went through a series of centrifugations and incubations before
being washed with 70% ethanol and added to a column from the kit for a series of washes.
DNA was quantified using a Qubit Fluorometer (Invitrogen). PCR was performed using
universal primers flanking the variable 4 (V4) region of the 16S rRNA (Kozich et al.,
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2013). Samples were quantified with a Qubit fluorometer, pooled on an equimolar basis,
and sequenced with MiSeq v3 kit (2×300 cycles, Illumina) according to the manufacturer’s
protocol. All sequences were demultiplexed on the Illumina MiSeq system. Further,
sequence processing were performed using mothur v1.45.1 (Schloss et al., 2009) following
the protocol described by (Kozich et al., 2013). Briefly, paired-end sequences were
combined into contigs, and poor-quality sequences will be removed. Bacterial sequences
were aligned and classified using the SILVA 16S rRNA database (Pruesse et al., 2007).
All sequences were grouped into 97% OTUs (operational taxonomic units) by uncorrected
pairwise distances and furthest neighbor clustering. Prokaryotic communities were
normalized to equal sequence counts near the lowest sample, and these normalized OTU
tables were used in all further analyses.

Statistical Analysis

Data were analyzed using a MIXED procedure of SAS v9.4 (SAS Institute, Inc.
Cary, NC) according to the following model:
Yijk = µ + pi + fj + Tk + Pl + TPkl + eijkl
Where Yijk= variable of interest, µ = overall mean, pi= random effect of period (i = 1 to 4),
fj = random effect of fermenter (j = 1 to 8), Tk = fixed effect of palmitic acid treatment (k =
with or without palmitic acid), Pl = fixed effect of pH (l = normal or low pH), TPkl = the
interaction between palmitic acid treatment and pH and eijkl = residual error. Data are
reported as least squares means with differences determined at P ≤ 0.05 and tendencies at
P ≤ 0.10.
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RESULTS

NDF digestibility and fermentation

The results of NDF digestibility, ammoniacal nitrogen, and VFA are presented in
Figure 2.1. No interaction between palmitic acid treatment and pH was observed for
NDF digestibility (P = 0.42), ammoniacal nitrogen (P = 0.91), or total VFA concentration
(P ≥ 0.18). Palmitic acid increased NDF digestibility compared with control (P = 0.04)
but did not affect ammoniacal nitrogen and total VFA concentration (P ≥ 0.12). Low pH
decreased NDF digestibility (P = 0.42), ammoniacal nitrogen (P ≤ 0.01) and total VFA
concentration (P ≤ 0.01) compared with normal pH. An interaction between palmitic acid
and pH was observed for ruminal concentrations of butyrate where palmitic acid
treatment increased butyrate and low pH decreased levels of butyrate (P = 0.02).

Prokaryotic community composition

No interaction effect between palmitic acid treatment and pH was observed for
alpha diversity of microbial communities. There was no effect of pH on alpha diversity
(P = 0.28; Table 2.2). Alpha diversity tended to decrease with the addition of palmitic
acid with Sobs measurement (P = 0.08). Other measures of species diversity including
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coverage, ace and chao index showed no difference for either treatment group (P ≥ 0.24).
Species evenness and richness were measured by levels of Shannon index and Simpson
index showed no difference for palmitic acid or pH treatment (P > 0.32).
No interaction between palmitic acid treatment and pH was observed for
prokaryotic community composition at the kingdom level (P = 0.84; Figure 2.2).
Palmitic acid did not affect archaea and bacteria relative abundance (P = 0.84). Low pH
decreased archaea and increased bacteria abundance compared with normal pH (P =
0.03).
No interaction between palmitic acid treatment and pH was observed for
prokaryotic community composition at the phylum level (P = 0.38; Table 2.3). The most
abundant phyla were Firmicutes. Palmitic acid did not affect the prokaryotic community
composition at phylum level compared with control (P = 0.34). However, compared with
normal pH, low pH decreased the phyla Firmicutes (bacteria) and Euryarchaeota
(archaea), and increased Desulfobacterota (bacteria) (P ≤ 0.05).
Three interactions between palmitic acid and pH were observed at the family level
(Table 2.4). The most abundant family was Lachnospiraceae with triple the abundance
of the next most abundant family Ruminococcaceae. Bacillaceae relative abundance
tended to increase with palmitic acid at low pH and decreased at normal pH (P = 0.06).
Bifidobacteriaceae abundance decreased with palmitic acid under low pH and it was not
affected under normal pH (P = 0.05). UCG-010 abundance tended to decrease with
palmitic acid at low pH and increased at normal pH (P = 0.09).
Three interactions between palmitic acid and pH were observed at the genera
level (Figure 2.3). Butyrivibrio relative abundance increased with palmitic acid at low
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pH and decreased at normal pH (P = 0.05). UCG-010-ge relative abundance tended to
decrease with palmitic acid at low pH and increased at normal pH (P = 0.09).
Bifidobacterium relative abundance decreased with palmitic acid at low pH and was not
affected at normal pH (P = 0.04). The most abundant genera were Prevotella. Compared
with control, palmitic acid tended to affect or affected the relative abundance of 8 genera
(P ≤ 0.08). Some genera are not classified, while others such as Prevotella and
Fibrobacter have a well-established function on rumen fermentation. Compared with
normal pH, low pH affected of tended to affect 25 genera (P ≤ 0.10). Most of the
abundance of these genera were negatively affected by low pH compared with normal
pH.

DISCUSSION

Increasing fermentation efficiency within the rumen has many benefits, including
an increase in production and a decrease in environmental impact. Fatty acid supplements
and rumen environment are some factors that can be altered to improve fermentation
efficiency. Fats are an essential macronutrient in the diet of cattle that can be used to
increase the energy density of a ration as fats contain more calories per gram than any
other macronutrient. However, fats can decrease ruminal fermentation through decreased
microbial attachment. The type of fat that is supplemented is important as saturated fats
are not biohydrogenated in the rumen and can be less toxic to rumen microbes (Palmquist
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and Jenkins, 2017). Historically, fat supplementation has been shown to decrease fiber
digestion (Lucas and Loosli, 1944). However, recent studies have shown that specific
fatty acids, such as palmitic acid, improve fiber digestibility (de Souza and Lock, 2019;
Sears et al., 2020). Low pH conditions are unfavorable to fibrolytic bacteria that are
responsible for fiber digestion (Hobson and Stewart, 2012). In order to survive low pH
conditions, bacteria spend energy increasing proton pumps out of the cell and altering
fatty acids in their membranes. Thus, the objective of this study was to evaluate the
effects of dietary palmitic acid and pH on rumen fermentation, fiber digestibility, and
prokaryotic community composition.
Results of the present study demonstrate that both pH and palmitic acid treatment
independently affected NDF digestibility. Palmitic acid treatment increased NDF
digestibility compared with control. These results are like other in vivo studies that
compared supplementation of palmitic acid to control (de Souza and Lock, 2018; Sears et
al., 2020; Western et al., 2020). In contrast to similar in vitro studies that used fermenters
and mixed fatty acid soybean oil, supplementation had no effect on DM digestibility
(Lascano et al., 2016). Soybean oil is composed of mainly linoleic acid which is an
unsaturated fatty acid, which could account for the differences in results. The increase in
digestibility could be a result of increased bacterial cell growth and function in the
presence of palmitic acid. Previous studies have shown exogenous palmitic acid can be
incorporated into the cell membrane, leaving microbial energy for further carbohydrate
fermentation (Wu and Palmquist, 1991). In this experiment, treatment groups of calcium
salts and animal/vegetable fats were compared to a control group in an in vitro setting.
Fatty acid profiles of outflow were compared to other treatment groups and the known
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fatty acid profile of bacteria (Wu and Palmquist, 1991). It should be considered that other
factors can affect fatty acid profiles of a sample because the specific fats within the
bacterial membranes was not measured. Total VFA showed no difference in response to
palmitic acid treatment (Wu and Palmquist, 1991). This result is similar to another
fermenter study supplementing 3.3% soybean oil that showed no difference in levels of
VFA (Lascano et al., 2016). The lack of change in ruminal VFA levels is expected as
added saturated fatty acids does not directly affect carbohydrate fermentation and
absorption. However, the increase in NDF digestibility might have led to an increase in
overall VFAs over time, but this was not seen due to the limited timing of samples.
Palmitic acid treatment did not change ammoniacal nitrogen levels. However, another
study that supplemented fat in the forms of animal fats, soybean oil or fish oil at 3%
observed increased levels of ammoniacal nitrogen using continuous culture fermenters
(Potu et al., 2011). This discrepancy could be caused by the differences in fat treatments
used. Ruminal nitrogen could be an indicator of protein utilization by the microbes within
the fermenters. However, fat supplementation has little effect on this process as
confirmed by this study and other studies (Doreau et al., 1991).
Low pH decreased digestibility compared to normal pH. Palmitic acid
supplementation increased NDF digestibility compared to control. Studies of time in
suboptimal pH compared 0 to 12 hours in low pH (de Veth and Kolver, 2001). Results
showed the highest decrease in NDF digestibility when pH was suboptimal for more than
4 hours (de Veth and Kolver, 2001). Previous research assessed treatment levels of
optimal pH (6.3) compared to suboptimal pH (5.4) in a dual flow continuous culture
setting and found the suboptimal pH affected all levels of fermentation measurements
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including digestibility, ammoniacal nitrogen, levels of total and individual VFAs (de
Veth and Kolver, 2001). Low pH decreased NDF digestibility indicating lowered
bacterial fermentation function (de Veth and Kolver, 2001). This is similar to a result by
Fuentes et al. (2009) in which a low pH of 5.6 decreased digestibility compared to a
normal pH of 6.4. Bacteria exposed to low pH spend limited energy on survival
techniques causing decreased digestibility (Sohlenkamp, 2019; Guan and Liu, 2020).
Similarly in this study, low pH, showed low levels of total and individual VFA indicating
that there was altered fermentation with conditions of low pH. Similar results were seen
in a study where low pH decreased levels of acetate and propionate, but did not affect
levels of butyrate (Fuentes et al., 2009). Low pH treatment also showed lower
ammoniacal nitrogen levels (Fuentes et al., 2009). Similar results were found in another
fermenter study where ammoniacal nitrogen decreased for low pH levels (Fuentes et al.,
2009). This can be explained by lowered NDF digestibility, which causes less proteins to
be available for uptake and less ammoniacal nitrogen in solution.
Treatments of pH did not affect levels of alpha diversity. The measure of Sobs
showed a tendency for decrease in diversity for the palmitic acid treatment group. A
possible mechanism for this result is that palmitic acids are more easily incorporated into
gram-negative bacteria and therefore favored gram-negative bacteria and decreased
diversity (Yao and Rock, 2015). There has not been previous research analyzing the
microbial population differences in pH and palmitic acid treatment groups.
Phylum level relative abundance did not have an interaction effect between pH
and palmitic acid nor a palmitic acid effect. The phyla Firmicutes and Euryarchaeota
increased in normal pH conditions and Desulfobacterota decreased under normal pH
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conditions. Firmicutes are responsible for fiber and cellulose digestion (Hobson and
Stewart, 2012). These results were expected as fibrolytic bacteria are known to be
sensitive under low pH (Sohlenkamp, 2019). Euryarchaeota are known as solid
associated bacteria with a gram-positive membrane, which make the bacteria more
sensitive to conditions of low pH, therefore low pH causing a decrease in abundance was
expected (Sohlenkamp, 2019). This phylum of archaea has family including
Methanobacteriaceae where further decreases in abundance can be seen. Possible
implications of decrease in Methanobacteriaceae abundance is a decrease in methane
production and excretion (Hobson and Stewart, 2012).
Family relative abundance showed a treatment interaction effect for
Bifidobacteriaceae, and tendency for interaction effect for Bacillaceae and UGC-010.
Previous studies show that high fat diets decrease abundance of lactic acid bacteria
including Bifidobacteriaceae (Lugli et al., 2017). This confirms our results that
supplementing palmitic acid decreased abundance of Bifidobacteriaceae. It is possible
that palmitic acid treatment prevented the growth of Bifidobacteriaceae. The family
relative abundance Bifidobacteriaceae increased in the low pH treatment group which is
unexpected as it is gram-positive. This family ferments a range of substrates to lactate
which furthers pH from equilibrium, this family also showed significant difference with
the palmitic acid treatment (Lugli et al., 2017). However, this bacterium is commonly
found in the GI tract of nonruminants and has proven ability to grow in conditions of low
pH (Mandic-Mulec et al., 2015). Bacillaceae showed tendency for an interaction effect.
This bacterium increased abundance in conditions of low pH and palmitic acid but has
the opposite response in normal pH. Bacillaceae can be gram-positive or gram-variable
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and are known for their adaptation to environmental stress, therefore the variable
response seen from this bacterium is expected (McBride and Turnbull, 1998). While the
functions of Bacillaceae are unknown, it can be hypothesized that low pH is ideal for this
bacterium due to its high relative abundance compared to other treatment groups. The
bacterium UCG-010 also showed tendency for interaction as when comparing pH levels,
palmitic acid increased abundance for normal pH palmitic acid and had the opposite
effect for low pH. Characteristics and function for UGC-010 are not well known but we
can assume the function is similar to that of Bacillaceae based on its reaction to the
treatments. Planococcaceae increased in the low pH group, it is a gram-positive
bacterium with unknown functions. Ruminococcaceae increased in the normal pH
treatment which encompasses the genus Ruminococcus and Lachnospiraceae; a study
saw similar results (La Reau et al., 2016). Ruminococcaceae are responsible for fiber
digestion and fermentation and are known to be pH sensitive. Desulfobulbaceae
increased in the low pH treatment, this was expected as this bacterium is involved in
oxidation reduction reactions (Kjeldsen et al., 2019). The increase in Desulfobulbaceae
was the rumen microbiome working to maintain equilibrium. Similarly,
Methanobacteriaceae are species of archaea that reduce carbon dioxide and hydrogen to
produce methane in the rumen, relative abundance increased with conditions of normal
pH.
Genera relative abundance showed interaction effect for Butyrivibrio, UGC 010_ge and Bifidobacterium. A study using continuous culture fermenters showed no
difference in fat supplementation to Butyrivibrio fibrisolvens (Dai et al., 2017).
Butyrivibrio fibrisolvens is a gram positive bacteria that ferments carbohydrates to
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formate, acetate and butyrate, its role as an amylolytic bacterium makes it better at
adapting to challenging ruminal conditions (Hobson and Stewart, 2012). Palmitic acid
had variable effects to genera level relative abundance. Previous studies show that added
palmitic acid has no effect on growth of Ruminococcus in a culture setting (Enjalbert et
al., 2017). Fat supplementation of linseed oil and soybean oil showed negative results
Ruminococcus relative abundance compared with control (Yang et al., 2009). Relative
abundance of Lachnospiraceae_XPB1014_group and Lachnospiraceae_ge decreased in
conditions of palmitic acid, the function of this bacterium is to consume hydrogen. A
possible mechanism for the decrease in relative abundance could be explained by the
increase in propionate in palmitic acid groups. Since propionate is a hydrogen sink,
palmitic acid could have negatively affected Lachnospiraceae. Decrease in
Lachnospiraceae was seen in another study where percentage of concentrates were low
(Enjalbert et al., 2017). Lactobacillus is in the category of lactic acid bacteria which is
commonly associated with acidosis, this bacterium was negatively affected by the
addition of palmitic acid (Yang et al., 2018). It can be hypothesized that this is because of
the lower concentration of lactic acid in the palmitic acid groups. Cellulolytic bacteria are
sensitive to low pH and were seen to decrease in low pH treatment levels. Cellulolytic
bacteria include Ruminococcus and Fibrobacter both of which ferment cellulose to VFA.
These bacteria can be sensitive to changes in pH and will affect the levels of VFA
fermented in the rumen. Relative abundance of Ruminococcus was the highest in the
treatment group combination of normal pH and palmitic acid, this may have contributed
to the increase in total VFA and levels of propionate and butyrate in the effluent. Studies
have also showed cellulolytic bacteria Ruminococcus and Fibrobacter are not able to
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attach to rumen fiber substrates in conditions of low pH (Sung et al., 2007). Decreased
adhesion of the bacteria is because of the coating of dietary fats to fiber particles
(Enjalbert et al., 2017). At low pH Bifidobacterium decreased with the palmitic acid
treatment, this bacterium is the lactic acid bacteria, is also sensitive to pH changes but no
effects were seen in this study. Colostridia shows changes with the pH treatments
ferments to produce stearic and linoleic acid.

CONCLUSION

This study showed that supplementation of 1.5% palmitic acid increases NDF
digestibility and levels of propionate and butyrate. Low pH decreased measures of NDF
digestibility as it created an acid stress environment for the ruminal microbes. As a result
of this, prokaryotic community composition changed at all levels (kingdom, phylum,
family) in response to low pH. Taken together, these results show that palmitic acid
improves fiber digestion and low pH decreases ruminal fiber digestion. This research
helps producers understand the implications of supplementing specific fatty acids to their
cows. In addition, this research highlights the negative implications of low pH on rumen
condition. Producers can utilize this information to improve ruminal conditions in their
own herd as a low rumen pH will decrease production values.
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TABLES
Table 2.1: Ingredient and nutrient composition of treatment diets delivered
to continuous culture fermenters.
Ingredient, % DM
Orchardgrass Hay
Ground corn
Expelled canola meal
Shredded Beet pulp
Robot Pellet
Palmitic acid 99%
Mineral and vitamin mix
Nutrient Composition, % DM
NDF
CP
Starch
Fatty acids
Ca
P
Zn (ppm)
Mn (ppm)

Control
48.5
16.0
14.6
4.60
14.7
1.50

Treatments
Palmitic Acid
46.2
16.0
14.6
4.60
14.7
1.50
1.50

35.0
14.5
18.3
2.50
0.62
0.43
52.64
105.2

35.0
14.5
18.3
4.00
0.62
0.43
52.64
105.2

Table 2.2: Rumen alpha diversity in response to 2 x 2 factorial treatment
with levels of 1.5% palmitic acid diet factorialized with low pH 6.0–6.4 or normal
pH 6.5-7.0 in continuous culture fermenters.

n seqs
Sobs
Coverage
Ace
Chao index
Shannon
Simpson
Inverse Simpson

Low pH
CON
PA

Normal pH
CON
PA

SEM

88418
1960
0.998
2013
2071
5.80
0.012
88.0

88536
1863
0.997
2117
2477
5.67
0.016
92.6

52.7
102.7
0.00
146.9
265.0
0.16
0.00
15.5

88476
1786
0.998
1961
2045
5.60
0.016
77.2

88455
1761
0.998
1860
2204
5.69
0.014
91.3

Treatment
0.81
0.08
0.46
0.24
0.56
0.42
0.80
0.61

P values
pH
Treatment x
pH
0.34
0.18
0.42
0.63
0.47
0.15
0.99
0.43
0.28
0.63
0.91
0.35
0.71
0.32
0.44
0.69
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Table 2.3: Phylum relative abundance in response to 2 x 2 factorial treatment
with levels of 1.5% palmitic acid (PA) diet factorialized with low pH 6.0–6.4 or
normal pH 6.5-7.0 in continuous culture fermenters.

Actinobacteriota
Bacteroidota
Campilobacterota
Desulfobacterota
Euryarchaeota
Firmicutes
Spirochaetota
Verrucomicrobiota

Low pH
CON
PA

Normal pH
CON
PA

SEM

3.82
7.41
0.04
0.52
1.46
73.6
0.17
0.59

2.57
13.6
0.06
0.23
2.26
80.8
0.22
0.41

1.20
4.74
0.05
0.15
0.61
3.63
0.07
0.12

2.94
12.6
0.06
0.46
0.68
77.1
0.25
0.62

1.80
13.3
0.10
0.15
2.14
81.5
0.21
0.59

Palmitic
0.43
0.43
0.35
0.49
0.40
0.47
0.54
0.34

P values
pH
Palmitic x pH
0.26
0.17
0.33
0.01
0.05
0.01
0.97
0.34

0.96
0.38
0.82
0.93
0.54
0.62
0.47
0.48
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Table 2.4: Family relative abundance in response to 2 x 2 factorial treatment
with levels of 1.5% palmitic acid (PA) diet factorialized with low pH 6.0–6.4 or
normal pH 6.5-7.0 in continuous culture fermenters.

Anaerovoracaceae
Arcobacteraceae
Bacillaceae
Bifidobacteriaceae
Christensenellaceae
Clostridiaceae
Corynebacteriaceae
Desulfobulbaceae
F082
Fibrobacteraceae
Hungateiclostridiaceae
Lachnospiraceae
Lactobacillaceae
Methanobacteriaceae
Oscillospiraceae
Planococcaceae
Prevotellaceae
Rikenellaceae
Ruminococcaceae
Spirochaetaceae
UCG-010

Low pH
CON
PA

Normal pH
CON
PA

SEM

0.12
0.04
0.08
0.47
4.94
2.18
2.54
0.68
2.00
0.05
1.22
38.6
1.04
1.04
5.65
1.58
3.92
1.05
10.5
0.17
0.66

0.06
0.06
0.19
0.08
3.52
1.65
2.08
0.23
8.03
0.07
1.42
36.0
0.24
1.99
7.61
0.54
4.60
1.50
18.8
0.21
0.78

0.02
0.05
0.04
0.14
0.95
1.22
1.00
0.17
3.45
0.05
0.42
8.57
0.29
0.52
1.09
0.45
1.67
0.56
5.38
0.07
0.23

0.07
0.06
0.13
0.09
3.60
4.51
1.39
0.46
5.09
0.08
0.96
36.2
0.42
0.68
6.62
1.25
5.83
1.20
14.7
0.24
0.33

0.03
0.10
0.10
0.06
2.30
0.80
1.52
0.15
5.97
0.17
1.79
34.1
0.16
2.14
8.29
0.42
5.81
1.95
23.4
0.20
1.21

Palmitic
0.01
0.35
0.55
0.03
0.12
0.53
0.36
0.21
0.79
0.08
0.84
0.39
0.09
0.83
0.32
0.46
0.22
0.51
0.18
0.63
0.80

P values
pH
Palmitic x pH
<0.01
0.33
0.33
0.09
0.10
0.08
0.85
<0.01
0.09
0.26
0.15
0.66
0.05
0.03
0.04
0.02
0.81
0.20
0.05
0.97
0.05

0.41
0.82
0.06
0.05
0.94
0.19
0.75
0.54
0.20
0.39
0.26
0.76
0.17
0.61
0.86
0.74
0.78
0.75
0.94
0.46
0.09
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FIGURES

Figure 2.1: Summary of results including digestibility (A), ammoniacal
nitrogen (B), total VFA (C) and individual VFA (DEF) in response to 2 x 2 factorial
treatment with levels of 1.5% palmitic acid diet factorialized with low pH 6.0–6.4 or
normal pH 6.5-7.0 in continuous culture fermenters.
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Figure 2.2: Microbiota kingdom results including Archaea and Bacteria in
response to 2 x 2 factorial treatment with levels of 1.5% palmitic acid diet
factorialized with low pH 6.0–6.4 or normal pH 6.5-7.0 in continuous culture
fermenters.

25

Figure 2.3: Summary of microbiota genus results in response to 2 x 2
factorial treatment with levels of 1.5% palmitic acid diet factorialized with low pH
6.0–6.4 or normal pH 6.5-7.0 in continuous culture fermenters.

